ABSTRACT: Spectroscopic and timing response studies have been conducted on a detector module consisting of a silicon Pixel Array Detector bonded on two VATAGP7 read-out chips manufactured by Gamma-Medica Ideas using laboratory gamma sources and the internal calibration facilities (the calibration system of the read-out chips). The performed tests have proven that the chips have (i) non-linear calibration curves which can be approximated by power functions, (ii) capability to measure the energy of photons with energy resolution better than 2 keV (exact range and resolution depend on experimental setup), (iii) the internal calibration facility which provides 6 out of 16 available internal calibration charges within our region of interest (spanning the Compton edge of 511 keV photons). The peaks induced by the internal calibration facility are suitable for a fit of the calibration curves. However, they are not suitable for measurements of equivalent noise charge because their full width at half maximum varies with their amplitude. These facts indicate that 1 Corresponding author. 2011 JINST 6 C01092 the VATAGP7 chips are useful and precise tools for a wide variety of spectroscopic devices. We have also explored time walk of the module and peaking time of the spectroscopy signals provided by the chips. We have observed that (iv) the time walk is caused partly by the peaking time of the signals provided by the fast shaper of the chips and partly by the timing uncertainty related to the varying position of the photon interaction, (v) the peaking time of the spectroscopy signals provided by the chips increases with increasing pulse height.
ABSTRACT: Spectroscopic and timing response studies have been conducted on a detector module consisting of a silicon Pixel Array Detector bonded on two VATAGP7 read-out chips manufactured by Gamma-Medica Ideas using laboratory gamma sources and the internal calibration facilities (the calibration system of the read-out chips). The performed tests have proven that the chips have (i) non-linear calibration curves which can be approximated by power functions, (ii) capability to measure the energy of photons with energy resolution better than 2 keV (exact range and resolution depend on experimental setup), (iii) the internal calibration facility which provides 6 out of 16 available internal calibration charges within our region of interest (spanning the Compton edge of 511 keV photons). The peaks induced by the internal calibration facility are suitable for a fit of the calibration curves. However, they are not suitable for measurements of equivalent noise charge because their full width at half maximum varies with their amplitude. These facts indicate that
Introduction
This text describes a part of our application development of a small stack of self-triggered silicon detector modules which can find utilization in a number of devices where silicon probes can enhance their performance (e.g., in Compton Cameras [1] , Small Animal PET [2] and PET magnifying probes among others). This part is oriented on spectroscopic and timing studies of a detector module consisting of a silicon Pixel Array Detector (PAD) bonded on two read-out chips based on Application-Specific Integrated Circuits (ASIC).
The spectroscopic characteristics are important in the case of Compton Cameras and SinglePhoton Emission Computed Tomography (SPECT) because the reconstruction process requires information about the energies deposited by photons in scatterers and absorber. The timing properties are currently more important in the case of PET systems because the modern PET systems are designed for utilization of Time-of-Flight methods.
The spectroscopic studies used in our work are based on Pulse-Height Analysis (PHA) of the signals induced by photons of gamma-and X-rays provided by several radioactive sources as well by a pulse generator. The PHA is a powerful test of detection devices enabling to determine stability and quality of spectroscopic information.
The timing studies used in our work are based on measurements of time differences between the signals induced by coincidence 511 keV gammas in the studied detector module and a fast detector of gamma rays. The timing studies give information about time walk of the detector module. Moreover, combining the spectroscopic and timing studies is possible to obtain additional information about non-linearities in the calibration curves.
The term "combining the spectroscopic and timing studies" means spectroscopic measurements of the signals induced by a pulse generator (Agilent waveform, Model 33250A) and held using sample/hold signals (provided by Digital Delay Generator, Model DG535, which was triggered by the Agilent waveform) in different times from their creation. These measurements permit (i) to make a scan of shapes of the pulses provided by the slow shaper, (ii) to exclude time walk of the detector module. The main goal of these measurements was to study the non-linearities in the calibration curves and to verify if the peaking time of the pulses provided by the slow shaper is identical for all amplitudes of these pulses. 
Experimental setup
The PAD was manufactured by SINTEF on a 1 mm thick silicon high-resistivity material (full depletion voltage ∼ 140 V). The pixels with size of 1.4 x 1.4 mm 2 are arranged in an array with 32 columns and 8 rows. Each pixel is connected with an individual input of the read-out chips.
The read-out chips are based on VATAGP7 chips manufactured by Gamma Medica -Ideas. The VATA chip is an integrated circuit with 128 independent channels. Each channel consists of a preamplifier followed by fast and slow shapers (figure 1). The fast shaper provides trigger signals. The slow shaper gives spectroscopic signals suitable for the PHA. Moreover, each chip is equipped by sample/hold and calibration facilities. The chips are housed in a multilayer electronic board, or hybrid, which distributes the required voltages and control signals (figure 2). Each chip has 128 input channels with a pitch of 91.2 µm and 66 input/output pads for voltages and control signals with a pitch of 140 µm. 1 The PAD with two read-out chips was placed in a black plastic case shielding light and they were connected with our standard data-acquisition system (DAQ) [3] . It is possible to supplement this system by a module consisting of a Time-to-Digital Converter (TDC) with intention to perform timing measurements. The timing measurements were done using a 22 Na radionuclide source of annihilation quanta. The signals providing the start to the measuring system (start signals for the TDC) are generated by a fast scintillating detector based on a BaF 2 crystal coupled to a fast photomultiplier tube. The trigger signals provided by the VATA chip served as stop signals for the TDC.
Results
A typical result of the spectroscopic studies using radionuclide sources of X-and gamma-rays is shown in figure 3 showing the pulse-height spectrum of gamma rays from a 133 Ba radionuclide source. The data in this figure were acquired in one week with intention to see also the peaks induced by photons with higher energy. On this spectrum, there are visible eight peaks and Compton continua terminated by four Compton edges. The first two peaks are related to the K α and K β lines of the X-ray photons with energy of 31 and 35 keV. The next two narrow peaks on positions of 53 and 81 keV are photo-peaks of the gamma rays. Between these two peaks, there is a wide peak with a right asymmetry which is induced by back scattered photons. The Compton continua are unfolded up to energy of 250 keV. Here are also visible four Compton edges with energies of 143, 164, 207, and 231 keV. These edges correspond to gamma rays with energies of 276, 303, 356, and 384 keV. The photo-peaks of photons with the first three energies are visible in the spectrum; the last one is out of range of the histogram. The spectroscopic resolution given by the FWHM was 1.8 keV at the 81 keV photo-peak. The PHA of the signals induced by a pulse generator can be used for precise determination of the calibration curve. An example of a fine calibration curve is shown in figure 4 . This calibration curve was constructed from three series of spectroscopic measurements. In each series, several amplitudes of pulses generated by a pulse generator were chosen. These pulses were brought through a coupling capacitor to the input of the preamplifier of a VATA channel. The pulses with the same amplitude induce a peak in a spectrum. The positions of the measured peaks were estimated by fitting with a gauss function. The first series was measured without attenuation, the others with attenuation of 10 and 20 dB. The amplitudes and the peak positions are shown in figure 4 on the left vertical and horizontal axis, respectively. The vertical axis on the right was estimated from the correspondence of signals collected (i) at the 81 keV photo-peak and (ii) for the charge injection, assuming charge injection proportionality. The blue text with arrows point the charges provided by the internal calibration facilities of the GP7 chip. The red spot indicates the Compton edge of 511 keV photons (the upper limit of our range of interest).
The calibration curve, which is plotted using a log-log diagram in figure 4 , can be locally approximated by power functions. The term "locally" means that the exponent of the power functions is different for different peak positions. How the exponent depends on the peak position is shown in the figure 5. At low injection, the exponent is approximately 0.75 with a dramatic jump to approximately 1.0 at an equivalent charge injection of 20 keV signal of 30 ADC.
The GP7 hips were intended for measurement of signals up to 50 fC making only 6 out of 16 available internal calibration charges within our region of interest (spanning the Compton edge of 511 keV photons). The reason for this choice is that the calibration curve is more non-linear outside our region of interest (ROI). The peaks induced by the internal calibration facility and related to the charges inside the ROI are shown in figure 6. These peaks are important for our purposes because they are suitable for fitting the calibration curve. Moreover, these peaks have no equal Full Width at Half Maximum (FWHM) and, therefore, they are not suitable for measurements of equivalent noise charge (ENC).
The spectrum shown in figure 7 is a typical result of the timing measurements. The observed peak has the FWHM on level of approximately 40 ns. This value would be related to the fact that the peaking time of the fast shaper is approximately 50 ns. Thresholds above a level from which the VATAGP7 chips are working properly reduce the timing uncertainty related to the fast-shaper peaking time from the value of 50 ns down to some lower level. The value of 40 ns corresponds to the threshold of approximately 60 keV under which the measurement was performed. The long right tile of the peak would be the timing uncertainty related to varying position of photon interaction. Further studies [4] have shown that the time-walk should be reduced by measuring the energy of the interaction.
An example of the results of combining the spectroscopic and timing studies is shown in figure 8 and figure 9 . The first plot represents the shape of a pulse provided by the slow shaper. By fitting the quadratic function it is possible to find the peaking time and the corresponding amplitude. The second plot shows that the peaking time is increasingly linear with pulse height and, therefore, the pulse shape depends on pulse height. This result is expected since the peaking time has to be constant in the case of linear systems. Since the VATAGP7 chips provide non-linear calibration 
Discussion and conclusion
The observed calibration curve and the behaviour of the exponents in the interval from 30 to 1000 ADC unit correspond to the specifications of these chips. The behaviour of the exponents below 30 ADC unit is not important for our purposes because the VATAGP7 chips work properly in the self-trigger mode only with high threshold (e.g., from 30 keV; exact value depends on experimental setup). Moreover, the tests have also proved usability of six values of charge of the internal calibration facility of the chips for fitting the calibration curves in our range of interest (40-340 keV).
The timing measurements of the signals provided by the fast shaper have determined the time walk of the detection module. This time walk is caused partly by the peaking time of the fast shaper and partly by the collection time of the charge carriers created at different depths in the PAD. The timing measurements of the signals provided by the slow shaper have shown that their peaking time is increasing linear with pulse height.
